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Muscles generate force and shortening in a cyclical interaction between the myosin head domains projecting from the myosin filaments and the adjacent actin filaments. Although many features of the dynamic performance of muscle are determined by the rates of attachment and detachment of myosin and actin 1 , the primary event in force generation is thought to be a conformational change or 'working stroke' in the actin-bound myosin head 2 -8 . According to this hypothesis, the working stroke is much faster than attachment or detachment, but can be observed directly in the rapid force transients that follow step displacement of the filaments 3 . Although many studies of the mechanism of muscle contraction 9 -13 have been based on this hypothesis, the alternative view-that the fast force transients are caused by fast components of attachment and detachment 14 -17 -has not been excluded definitively. Here we show that measurements of the axial motions of the myosin heads at ångström resolution by a new X-ray interference technique 18 rule out the rapid attachment/detachment hypothesis, and provide compelling support for the working stroke model of force generation.
When the length of an active muscle fibre is decreased suddenly, so that each set of myosin filaments slides by a few nanometres along the neighbouring actin filaments, the force decreases during the length change (Fig. 1a) . This reflects the undamped elasticity of the muscle fibre, and is called phase 1 of the force transient 3, 19 . After the length change, force recovers at about 1,000 s 21 (phase 2). Our aim was to determine whether the phase 2 force recovery is caused by a working stroke in the actin-attached myosin heads 2 -8 , or by rapid detachment of heads followed by rapid attachment to different actin monomers 14 -17 . We measured the axial motion of the myosin heads during the force transients using X-ray interference between the two arrays of myosin heads in each filament (Fig. 1c) . Each half of the myosin filament (magenta) contains an array of 49 layers of heads (orange) with a regular spacing d (,14.5 nm). These arrays give rise to an axial X-ray reflection called the M3, with intensity distribution sin 2 (49pRd)/sin 2 (pRd) (Fig. 1d, orange) , where R is the reciprocal space parameter. The two arrays are separated by a 'bare zone' of length B (,160 nm), so that their centres are a distance L = B þ 48d apart (Fig. 1c) . X-ray interference between the two arrays effectively multiplies the intensity distribution by cos 2 (pRL) (Fig. 1d , magenta). The resulting fine structure of the X-ray reflection (Fig. 1d , green) provides an extremely sensitive measure of the axial motion of the myosin heads 18 . We recorded the intensity profile of the M3 reflection in a 2-ms period before the length step (Fig. 1a , b, T 0 , green), in a 100-ms period close to the end of phase 1 (T 1 , red), and in a 2-ms period near the end of phase 2 (T 2 , blue). The length step caused a decrease in the relative intensity of the higher angle peak of the M3 reflection, and shifted both peaks to a higher angle (Fig. 1b) . These changes are in the direction expected for a decrease of the interference distance (L) between the two arrays of actin-attached myosin heads when the fibre shortens and the actin filaments move towards the centre of the myosin filament (Fig. 1c) . Most of the change in L occurred during phase 1 of the force transient (Fig. 1b, green to red) .
The changes in interference fine structure of the M3 reflection were expressed as the ratio of the intensity of the higher angle peak letters to nature to that of the lower angle peak, I HA /I LA (Fig. 2a) , and the spacings of the lower and higher angle peaks, S LA and S HA (Fig. 2b) . All three parameters decreased as the size of the shortening step was increased, although the changes seemed to saturate for steps larger than 7 nm. The observed changes were similar at T 1 (red circles) and T 2 (blue triangles). The mean spacing of the M3 reflection, S M3 (Fig.  2b) , which is related to the elastic strain of the myosin filament, was less steeply dependent on the size of the applied length step.
We used these experimental values of I HA /I LA and S M3 to calculate the interference distance L and the myosin head spacing d using the theoretical intensity distributions described above (Fig. 1c) . These equations would only apply exactly if each layer of myosin heads could be considered as a point mass, but a similar analysis using the axial mass projections of atomic models for the myosin head 5 -7 gave the same values of I HA /I LA and S M3 within the precision of the present measurements 18 . The changes in L can therefore be interpreted solely in terms of the average axial motion (Dc) of the centres of mass of the myosin heads with respect to their attachments to the myosin filament, independent of any other effects of changes in their conformation.
The X-ray interference method allows Dc to be measured with a precision of about 1 Å (Fig. 3a) . Dc was roughly proportional to the extent of the shortening step for steps of up to 7 nm per halfsarcomere, but was about five times smaller than the imposed filament sliding. The value of Dc at T 2 (Fig. 3a, blue triangles) was similar to that at T 1 (red circles). This result is consistent with models in which force is generated in phase 2 by a working stroke in actin-attached myosin heads, but is not consistent with models that lack a working stroke.
In both types of model Dc is expected to decrease in phase 1, because actin-attached myosin heads are carried towards the centre of the myosin filament during muscle shortening. In working stroke models, the heads remain attached to actin in phase 2; there is no filament sliding in this period and so, neglecting for the moment any effects of filament compliance, the actin-binding sites of the heads would remain at the same distance from the centre of the myosin filament. In contrast, in models without a working stroke force is simply proportional to the strain in the head; thus, force generation in phase 2 would be accompanied by myosin heads binding to new actin sites that were, on average, farther from the centre of the myosin filament. This would produce an increase in Dc during phase 2, which was not observed (Fig. 3a) .
To make a quantitative interpretation of the observed axial letters to nature motions of the myosin heads (Dc), the compliance of the actin and myosin filaments must be taken into account. The filament compliances are usually expressed as the average strain in the actin or myosin filament, kS A l or kS M l, owing to the active isometric force (T 0 ). kS A l is 0.26%/T 0 in the conditions used here 20, 21 . kS M l is the slope of the relationship between the myosin filament periodicity d and the normalized force T/T 0 . kS M l was 0.14^0.03%/T 0 at T 1 (Fig. 3b, red circles, n = 9 fibres) and 0.34^0.05%/T 0 at T 2 (blue triangles, n = 18).
The value of kS M l at T 1 represents the instantaneous compliance of the myosin filament, and the higher value at T 2 is likely to include a contribution from changes in the structure of the myosin filament 18, 22 . The total instantaneous compliance of each set of overlapping myosin and actin filaments crosslinked by myosin heads during active isometric contraction is 5.1 nm/T 0 . Of this, roughly 40% is due to the compliance of the actin filaments, 20% to that of the myosin filaments, and 40% to that of the myosin heads 20, 21 . We calculated the axial displacement of each layer of myosin heads along the filament during the elastic phase 1 response to a length step from these filament and myosin head compliances. These motions occur to the same extent in models with and without a working stroke, so the phase 1 analysis provides an independent calibration of the X-ray interference method. Each layer of heads was represented by an atomic model with the catalytic domain in its nucleotide-free conformation 5, 6 and a variable bend between the catalytic and light chain domains 7, 8 (see Methods). The changes in I HA /I LA , S LA and S HA calculated from this model (Fig. 2 , red dashed lines) were much larger than the observed changes (red circles).
The discrepancy is too large to be explained by uncertainty about the location of the pivot in the myosin head; it was reduced by only about a quarter when the pivot was assumed to be at the actinbinding site. Moreover, the discrepancy cannot be explained by possible errors in the values of filament compliance. The calculated values of I HA /I LA , S LA and S HA are almost independent of the value of kS M l, because myosin filament compliance leads to proportional changes in d and L (ref. 18 ). The discrepancy is reduced by increasing the value of kS A l, but would not be eliminated even if kS A l were twice the measured value 20, 21 , in which case almost the whole compliance of the muscle sarcomere would be in the filaments, with virtually no contribution left for the myosin heads.
We conclude that this type of model, in which the M3 reflection is solely due to the myosin heads, and all the myosin heads in the fibre respond to filament sliding, is incompatible with the observed changes in the fine structure of the M3 reflection. It is unlikely that other structures in the fibre make a substantial contribution to the active M3 reflection, because the reflection can be almost completely abolished by extended high-velocity shortening 22 . Moreover, the linear dependence of the intensity of the active M3 reflection on the degree of overlap between the myosin and actin filaments 18 shows that it originates from the part of the myosin filament that overlaps with actin, and that detached myosin heads in the region of the filament that does not overlap with actin are too disordered to make a significant contribution.
Thus, the smaller-than-expected changes in interference fine structure observed during length steps show that there is a population of myosin heads in the overlap region that do not respond to filament sliding, although they have sufficient axial order to contribute to the M3 reflection. Because each myosin molecule has two heads, these static heads are likely to be the partners of heads that are attached to actin. The two heads are joined at the head -tail junction, so attachment of one head to actin would impose axial order on the other head, and both would contribute to the M3 X-ray reflection. Adding the partner heads to the model gave a reasonably good fit to the observed changes in I HA /I LA , S LA and S HA at T 1 (Fig. 2, red continuous lines) , especially considering that there are no adjustable parameters in the model. Thus the elastic, phase 1 changes in the interference fine structure can be explained quantitatively if only one head of each myosin molecule bears the force of isometric contraction and responds to filament sliding.
Finally, we return to the quantitative explanation of the origin of rapid force recovery in phase 2 of the force transient. If, as argued above, only one head of each myosin responds to the length step, would a working stroke in this head reproduce the observed values of I HA /I LA , S LA and S HA at T 2 ? The calculated values for T 2 for the working stroke model (Fig. 2, blue continuous lines) gave a good but not perfect fit to the experimental data (blue triangles). In contrast, the rapid attachment/detachment model (Fig. 2 , blue dashed lines) was clearly inconsistent with the observed changes, independent of the magnitude of filament compliance. The imperfect fit of the working stroke model at T 2 is probably caused by a small fraction of heads detaching during phase 2; both stiffness measurements 11 and changes in the intensity of the M3 reflection produced by closely spaced pairs of length steps 12 suggest that about 8% of the heads have detached by T 2 after a 5-nm shortening step and have become disordered axially, so that they no longer contribute to the M3 reflection or to the axial displacement Dc measured from its interference fine structure.
Most of the heads behave as predicted by the working stroke model. This model reproduces the observed nonlinear dependence of the interference parameters on the size of length step, and the approximate fit was maintained for the largest releases studied (9 nm). Thus, our results provide strong support for working stroke models in which myosin heads remain attached during filament sliding of about 10 nm, and are clearly inconsistent with models in which force is generated by rapid attachment and detachment of myosin and actin.
A
Methods

Mechanical measurements
Single fibres from the anterior tibialis muscle of Rana temporaria were mounted horizontally between a loudspeaker coil motor and a capacitance gauge force transducer 23 at sarcomere length 2.1 mm, 4 8C, and electrically stimulated for 2.3 s at 18 -25 Hz. After 0.3 s of isometric contraction, forty 50-ms shortening/stretch cycles were imposed with a 4-ms interval between shortening and stretch 12 . We measured sarcomere length continuously in a segment of 1 -2 mm near the fibre centre with a striation follower 24 .
X-ray data collection
The fibre and mechanical apparatus were mounted vertically on X-ray beamline ID2A of the European Synchrotron Radiation Facility (ESRF), Grenoble, France 25 . The X-ray beam had a full width at half maximum (FWHM) of about 0.1 mm vertically and 0.6 mm horizontally, a flux of up to 2 £ 10 13 photons s 21 and a wavelength of 0.1 nm. We controlled X-ray exposure with 10-ms precision by two electromagnetic shutters in series. Diffraction patterns were recorded on A3-size storage PhosphorImage plates (Molecular Dynamics) mounted in an evacuated camera tube 9.85 m from the fibre. Image plates were scanned off-line (Molecular Dynamics 840 scanner) with 100-mm pixels. The vertical point spread function of the X-ray camera/scanner combination had FWHM 320 mm.
Experimental protocol
We stimulated fibres at 4-min intervals and moved them vertically by 100-250 mm between contractions to spread the effects of radiation damage. Diffraction data for 100-ms exposures were typically accumulated from 40 length steps in each of 20 contractions with the unattenuated X-ray beam (total exposure 80 ms). 
X-ray data analysis
We analysed X-ray diffraction patterns with the programs HV (A. Stewart, Brandeis), Fit2D (A. Hammersley, ESRF) and Peakfit (SPSS Science). Patterns were aligned and centred using the 1,0 equatorial reflections. The background under the axial X-ray letters to nature reflections was subtracted using HV. The axial intensity distribution was calculated by radial integration from^1/64 nm 21 and the M3 reflection fitted by two gaussian peaks using Peakfit. We calculated the M3 spacing (S M3 ) as the intensity-weighted mean of that of the two peaks. Spacings were calibrated assuming that S M3 is 14.340 nm at rest 26 or 14.573 nm during active isometric contraction 18 .
Simulation of the axial intensity distribution
The interference fine structure of the M3 reflection was calculated as the Fourier transform of the axial mass distribution. Each myosin filament was assumed to contain two arrays of myosin heads separated by a bare zone 27, 28 of length B (,160 nm). Each array has 49 layers of heads with axial periodicity d. The axial mass projection of each layer of heads was calculated from crystallographic data, with the catalytic domain (CD, heavy chain residues 1-707) of the head in its nucleotide-free actin-bound conformation 5, 6 , and the light chain domain (LCD, heavy chain residues 707-843 and both light chains) tilted axially around the CD/LCD junction 7, 8, 12 . During isometric contraction the 707-843 axis was assumed to be at 608 to the filament axis 12 . LCD tilt dispersion of^208, which would allow myosin heads to bind to actin monomers with axial periodicity of 5.5 nm, had a negligible effect on the results
.
We used a distributed filament compliance formalism 21, 29, 30 to calculate the force and strain distribution along the myosin and actin filaments. The strain in myosin heads during isometric contraction was assumed to be uniform along the filament overlap zone. Rapid force recovery after a length step was assumed to be due to a uniform force contribution from heads along the overlap zone. We calculated the mass distribution along the filament with the position of the head -rod junction of each level of heads determined by the myosin filament strain; head strain was represented as a tilt of the LCD with respect to the actin-bound CD 5 . In the working stroke model, the distribution of myosin head strain along the overlap zone after a length step was calculated under the constraint of constant sarcomere length during rapid force recovery. Force recovery during the 110-ms length step itself was estimated from the difference between the measured force (T 1 ) and that expected from the instantaneous half-sarcomere compliance (5.1 nm/T 0 ; ref. 20) and taken into account in calculating the mass distribution at T 1 . Simulations using the rapid detachment/attachment model assumed that the total fraction of myosin heads attached to actin remained constant and that the average head strain was proportional to the force.
